Background: "Virtual" autopsy by postmortem computed tomography (PMCT) can replace medical autopsy to a certain extent but has limitations for cardiovascular diseases. These limitations might be overcome by adding multiphase PMCT angiography.
M
edical autopsy has been the gold standard for quality control in clinical medicine for more than a century (1), but clinicians miss approximately 15% of diagnoses despite advances in diagnostic techniques (2) (3) (4) (5) (6) (7) . Relatives who decline an autopsy request, reimbursement issues, changes in clinical workflows, faith in modern diagnostic techniques, and fear of litigation for missed diagnoses have contributed to the worldwide decline in autopsy rates over the past decades (8 -11) . Virtual autopsy by multiphase imaging using postmortem computed tomography (PMCT) in conjunction with software for 3-dimensional visualization is a recent innovation that may overcome such obstacles.
Initial studies have shown that PMCT is often an accurate imaging technique for providing a cause of death in patients who died in the intensive care unit or outside the hospital (4, 12) . However, these studies have also identified a major restriction of PMCT. Because of the cessation of circulation, PMCT is of limited value for detecting pulmonary embolisms, which account for up to 15% of clinically missed diagnoses identified in routine autopsies (13) , and cardiovascular events, which are the leading cause of death in industrialized countries (14, 15) . Postmortem angiography in combination with CT is a recent innovation to overcome such obstacles.
Of several protocols described (16 -19) , multiphase PMCT angiography (20) is a highly standardized technique that has been shown to produce reliable results when compared with medical autopsy in the context of trauma patients in forensic medicine (21) . However, experience in hospitalized patients is scarce. Therefore, the aim of our study was to compare multiphase PMCT angiography with medical autopsy in a setting of emergency and intensive care medicine in patients who died unexpectedly or within 48 hours of an event necessitating cardiopulmonary resuscitation (CPR).
PMCT angiography, with medical autopsy in hospitalized patients who died unexpectedly or within 48 hours of an event necessitating CPR at the University Medical Center Hamburg-Eppendorf, Hamburg, Germany. All eligible cases were reported to the Department of Intensive Care Medicine. In accordance with the requirements of the Ethics Committee of the Hamburg Chamber of Physicians, a physician from the department obtained oral informed consent for virtual and medical autopsy and to use the images in this article. The study was approved by the local clinical institutional review board and complied with the Declaration of Helsinki.
Virtual Autopsy
Virtual autopsy was done at the Department of Legal Medicine using a Philips MX8000 4-slice CT scanner and a Philips Brilliant 16-channel CT scanner (Philips Healthcare, Best, the Netherlands). It consisted of native PMCT without angiography, followed by multiphase PMCT angiography of the head, neck, chest, abdomen, and hip joints. For the multiphase PMCT angiography, the protocol from Grabherr and colleagues (20) was used with minor variations. After cannulation of the femoral vein and artery with a 3/8-inch cannula, paraffin oil containing 6% Angiofil (Fumedica, Muri, Switzerland) was injected by means of a modified heart-lung machine.
Perfusion was divided into 3 phases. In the first (arterial) phase, 1200 mL of contrast medium was injected at a rate of 800 mL/min via the femoral artery. Arterial CT of the head, thorax, and abdomen was done with a slice thickness of 1 mm and a pitch of 0.8 mm. To enhance the sensitivity for pathologic conditions of the coronary vessels, targeted scanning of the heart was done with a slice thickness of 0.8 mm and a pitch of 0.4 mm.
In the second (venous) phase, a retrograde injection of 1600 mL of contrast medium at a rate of 800 mL/min via the femoral vein was done, followed by CT of the venous system using the same variables as for the arterial scan. During the final (dynamic) phase, artificial circulation with 200 mL of contrast medium was generated at a rate of 500 mL/min by injection via the arterial cannula and application of a vacuum to the venous cannula. In contrast to the arterial and venous phases, scanning was done during the ongoing injection to mimic in vivo conditions.
As a variation from this standard protocol, we administered an extra 1000 mL of contrast medium in the venous and dynamic phases in patients with a body mass index greater than 30 kg/m 2 . Angiographic examinations were done on a regular basis each Monday, Tuesday, and Friday, at the earliest convenience.
Classification of Radiologic Findings
A board-certified radiologist with considerable experience reading postmortem images reviewed the cases. The radiologist had access to all clinical records and the death certificates but was unaware of the findings of the medical autopsy (which was done afterward). A second expert in the field crosschecked all angiographic findings. Computed tomographic data were processed using OsiriX, version 5.6 (Pixmeo, Geneva, Switzerland). Animated videos (Supplements 1 to 3, available at www.annals.org) were processed with Final Cut Pro X, version 10.0.8 (Apple, Cupertino, California).
Medical Autopsy and Histologic Examination
Full medical autopsy with histologic examination according to the hospital's institutional standards was done after virtual autopsy by residents from the Department of Legal Medicine and the Department of Pathology supervised by a board-certified senior pathologist. The pathologists had access to all clinical records and the death certificates but were unaware of findings from the virtual autopsy. Restricted autopsies focusing on the presumed organ system of interest are not routinely practiced in our institution and therefore were not done.
Classification of Autopsy Findings
Two board-certified internists reviewed the clinical records for clinical diagnoses made before deaths and compared these with the reports from the virtual and medical autopsies. If the reviewers' assessments agreed, the review process was complete. All cases with discrepant findings were crosschecked. In cases of uncertainty or disagreement (3 cases), consensus was achieved through mediation by a pathologist and a specialist in the field of interest.
New diagnoses from virtual or medical autopsy were classified as major or minor on the basis of institutional standards (4), which had been adapted from the criteria of Goldman and associates (22) and Dimopoulos and coworkers (23) . New major diagnoses were those that could have contributed substantially to the outcome or those for which detection before death would have resulted in a
Context
Medical autopsies are being done less frequently and might be replaced by postmortem computed tomography (CT) ("virtual") examinations. Prior studies of virtual autopsies have found deficiencies in the detection of cardiovascular diagnoses.
Contribution
This study found that the addition of angiography to postmortem CT examinations resulted in an ability to detect cardiovascular diagnoses similar to that of traditional medical autopsies.
Caution
Examinations were done at a single expert center.
Implication
Virtual autopsy with CT angiography may be a useful alternative when traditional medical autopsy is not possible.
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Original Research Antemortem diagnoses that did not translate directly into radiologic or morphologic pathologic conditions (for example, electrolyte imbalances or cardiac arrhythmias) and diagnoses without clinical relevance (for example, benign renal cysts) were not included in the analysis. For angiographic findings (especially those involving the coronary arteries), major vessels and first-grade branches were included in the analysis.
Statistical Analysis
All data were analyzed with Statistica, version 6.0 (StatSoft, Tulsa, Oklahoma). Data that were normally distributed are presented as means (SDs), and data outside the normal distribution are presented as medians (ranges). Venn diagrams were constructed with eulerAPE, version 3.0.0 (University of Kent, Canterbury, United Kingdom) (24).
Role of the Funding Source
The study was funded chiefly by the University Medical Center Hamburg-Eppendorf. Funding was also provided by the Fondation Leenaards. Fumedica provided consumables for multiphase PMCT angiography to the Institute of Legal Medicine. The funding sources had no influence on the design, execution, or analysis of the study; on the preparation of the manuscript; or the decision to submit the manuscript for publication.
RESULTS

Study Group
Of 143 cases meeting the inclusion criteria, virtual and medical autopsy were done in 50 hospitalized patients (35%). Of the patients excluded from the study, relatives declined informed consent in 71 cases, 12 were excluded because of maintenance work on the CT scanner, and 10 were excluded because funerals were scheduled before an autopsy could be done (Appendix Figure 1 , available at www.annals.org). The mean age of included patients was 70 years (SD, 12) (range, 27 to 84 years), and 76% were men. Thirty-one patients died within 48 hours after CPR, and 19 patients had an unexplained deterioration in clinical status rapidly resulting in death while in the intensive care unit. A medical or neurologic condition was the cause of hospitalization in 35 patients, and surgical procedures were the cause in the remaining 15. The median interval between death and the CT scan was 4 days (range, 1 to 6 days), and the interval between death and medical autopsy was 6 days (range, 2 to 9 days).
Diagnoses From Clinical Records, Virtual Autopsies, and Medical Autopsies
Clinical records showed that 336 diagnoses were made before death. Virtual autopsy confirmed 312 (93%) and medical autopsy confirmed 270 (80%) of these diagnoses. In addition to the clinical diagnoses, virtual and medical autopsy together contributed 254 new diagnoses for a total of 590 diagnoses.
Of these 590 diagnoses, 515 (87%) were identified by virtual autopsy, including 73 that were detected solely by postmortem angiography. Fifty-one of these angiographic Original Research Virtual Autopsy Versus Traditional Medical Autopsy diagnoses that would have been missed without PMCT angiography were related to cardiovascular diseases, including coronary artery stenosis (n ϭ 32), stenosis of major abdominal or limb arteries (n ϭ 6), and pulmonary embolism (n ϭ 3) as the most important findings. Medical autopsy identified 474 (80%) of the 590 total diagnoses. Appendix Figure 2 (available at www.annals .org) shows the concordance of virtual autopsy, medical autopsy, and clinical records in identifying diagnoses by proportional Venn diagrams. Table 1 provides more detail and an overview of diagnoses identified by virtual and medical autopsy.
New Major and Minor Diagnoses
In addition to the clinical records, virtual and medical autopsy together detected 16 new major and 238 new minor diagnoses. Of the 16 new major diagnoses, 13 were identified by both virtual and medical autopsy. Two new major diagnoses were detected by virtual autopsy alone: tension pneumothorax and esophageal intubation. Almost one half of the diagnoses identified by virtual autopsy (6 of 15) were solely detected by PMCT angiography. One myocardial infarction classified as a new major diagnosis was identified only by medical autopsy ( Table 2) .
Of the new major diagnoses, all cases of septic shock or pneumonia were identified by physicians, but major hemorrhage (n ϭ 4) and myocardial infarction (n ϭ 4) were identified by autopsy as the cause of death. Aortic dissection ( Table 2 [ Table 2 gives details of all new major diagnoses and explains their classification. Of the 238 new minor diagnoses, 140 were made by both virtual and medical autopsy, 48 by virtual autopsy alone, and 50 by medical autopsy alone. The largest categories of minor diagnoses were cardiovascular (n ϭ 70) and miscellaneous (n ϭ 84). The largest proportion of new minor diagnoses identified by virtual and medical autopsy was found in the cerebral group (n ϭ 16, representing 64% of all diagnoses in this group). There are also notable differences between virtual and medical autopsy. Virtual autopsy identified only 3 of 7 new minor diagnoses in the group of neoplastic diseases, whereas medical autopsy identified only 1 of 13 fractures and none of the small pneumothoraxes (n ϭ 2) in the miscellaneous group.
Special Aspects: False-Positive Findings and Angiographic Filling Defects
In many cases, clinical diagnoses of various entities were overruled by 1 or both autopsy methods, labeled as false-positive results, and excluded from the analysis (n ϭ 36). In 11 cases, the radiologist described "unspecific filling defects," which medical autopsy did not detect.
DISCUSSION
Studies on virtual autopsy in the emergency medicine or intensive care setting have shown promising results in many conditions when compared with medical autopsy. However, considerable limitations have been identified for cardiovascular diseases because of cessation of circulation after death (4, 12) . In this study of patients who died unexpectedly, the addition of multiphase PMCT angiography to PMCT greatly improved the ability of virtual autopsy not only to confirm antemortem findings but also to identify new diagnoses missed clinically. The addition of PMCT angiography to virtual autopsy detected 73 additional diagnoses; 51 of these were attributed to cardiovascular conditions, including 4 myocardial infarctions classified as new major diagnoses, which highlights the particular benefit of this technique.
The ability to detect cardiovascular conditions is of great importance because cardiovascular events, such as myocardial infarction and pulmonary embolism, are the leading cause of death in most industrialized countries, as in the population investigated in this study (14, 15) . Furthermore, in intensive care units, cardiovascular events are the predominant type of new major diagnosis detected retrospectively by autopsy (13) .
The addition of multiphase PMCT angiography enables clinicians to accurately identify not only substantial hemorrhages but also the hemorrhage site (25) . In our study, multiphase PMCT angiography identified 4 hemorrhages classified as new major diagnoses. Regarding the other disease groups, this study confirmed the results of Table 2 . Bilateral fluid accumulation in the dorsal parts of the lung and adjacent pleural space is also shown (red asterisks), which probably resulted from postmortem changes due to the 5-day interval between the patient's death and PMCT angiography. PMCT ϭ postmortem computed tomography. Table 2 . The angiographic filling distal to the stenosis is a result of collateral filling during the venous and dynamic phases of the contrast medium application. PMCT ϭ postmortem computed tomography.
Case 5 of
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Original Research Virtual Autopsy Versus Traditional Medical Autopsy our previous study (4) in which we compared virtual autopsy by PMCT without angiography with medical autopsy. As in that study, virtual autopsy and medical autopsy achieved similar results for respiratory diseases and hemorrhages, medical autopsy produced better results for neoplastic disorders, and virtual autopsy performed better for detection of traumatic injuries or findings related to medical devices ( Table 2 [cases 3 and 12], Figure 5 , and Supplement 3). These findings agree with previously published studies (25, 26) .
The many new minor diagnoses in the cardiovascular (n ϭ 70) and miscellaneous (n ϭ 84) categories might be explained by the fact that clinicians were often not aware of minor cardiovascular pathologic conditions and the treating physician might not have actively reported minor miscellaneous diagnoses (for example, rib fractures after CPR or small effusions). In addition, that clinicians focus on circulation and ventilation during resuscitation and do not evaluate cerebral findings if these efforts are unsuccessful might explain why cerebral conditions comprise the largest proportion of new minor diagnoses (64% of all diagnoses in this group).
Compared with native PMCT or other angiographic techniques, multiphase PMCT angiography as described by Grabherr and colleagues (20) consists not only of postmortem injection of contrast medium and CT; the addition of the dynamic phase increases the detection of smaller stenoses and hemorrhages. The protocol is highly standardized and has been extensively evaluated in forensic cases.
In a pilot study, Christine and associates (21) investigated multiphase PMCT angiography in 41 forensic cases. They showed that it is less sensitive for detecting parenchymal findings than medical autopsy but detected most pathologic cardiovascular conditions. However, the main limitations of the study are the retrospective analysis of selected cases and inclusion of predominantly trauma patients. Nevertheless, the study supports previously published evidence on postmortem angiography in cardiac disease (27, 28) .
The field of virtual autopsy has grown substantially in the past decade, and the use of postmortem angiography is quickly expanding. A MEDLINE search done in November 2013 for "CT AND postmortem angiography" identified about 340 publications; 50% were case reports, and 35 were reviews. Previous studies investigating multiphase PMCT angiography in surgical patients and in a cohort of unselected forensic cases, including patients who died of trauma, intoxication, and natural death related to cancer and cardiovascular diseases, reported promising results for this method (21, 25, 29) . Our cohort differed substantially from that of previous studies because we had access to a recent medical history, including diagnostic procedures and standardized emergency department protocols.
Other techniques for postmortem angiography have been established. In a study focusing on 20 patients who died after an event involving chest pain, Ross and coworkers (19) compared medical autopsy with a pump-driven injection of a polyethylene glycol-iopentol solution according to a 2-phase protocol, followed by CT-guided nee- dle biopsy. They found a strong correlation among virtual autopsy, histologic examination from needle biopsy, and medical autopsy. Saunders and colleagues (17) reported the use of manual injection of a water-based contrast medium as positive contrast and air as negative contrast for cardiac postmortem angiography in 25 patients. This method is inexpensive and requires almost no preparation, but angiography is restricted to cardiac arteries; it does not detect thromboembolisms, hemorrhages, or infarctions in other organs. In a recent study on 120 cases of sudden death, Roberts and associates (16, 30) showed that targeted postmortem angiography of the coronary arteries is a valuable tool to decrease the number of medical autopsies (16, 30) . Unlike in our study, full medical autopsy was done in only 9% of patients and PMCT angiography was limited to the coronary arteries.
We observed some shortcomings of virtual autopsy. First, insufficient mixing of blood and contrast medium in the vascular lumen and postmortem clotting may lead to findings that must be interpreted with caution to avoid false-positive diagnoses of vital occlusions or local stenoses (31) . Recognition of this problem is important to prevent misinterpretation, but differentiation based on virtual autopsy alone may be difficult. Insufficient mixing of blood and contrast medium can be identified in real-time angiography by detection of movement of filling defects through the vascular lumen during the scan. Thus, confirming such findings by multiphase PMCT angiography as done in our study is not always possible. The pathologist in our study was not aware of the CT findings and hence focused on the standard medical autopsy and not on confirming the angiographic findings. This may partly explain the many filling defects not confirmed by medical autopsy.
Second, detection of malignant tumors by multiphase PMCT angiography remains difficult and detection of small metastases is almost impossible. Therefore, traditional medical autopsy must still be considered the gold standard for quality control in hematology and oncology. Two studies (32, 33) have evaluated the use of postmortem imaging in combination with guided needle biopsy for histologic examination in unselected patients. However, these studies indicated that virtual autopsy missed cardiovascular diagnoses at a substantial rate. The extent to which virtual autopsy techniques may replace traditional medical autopsy therefore needs further evaluation. Another study (19) evaluated CT-guided needle biopsy after PMCT angiography and was able to achieve results similar to those of traditional medical autopsy in selected patients. However, this study focused on patients who died of acute chest syndromes.
Third, multiphase PMCT angiography requires logistic effort and technical skill in preparing the body by dissecting the vessels and operating the contrast medium pump and CT scanner. The addition of angiography to virtual autopsy increases the cost by about $300 per case for consumables, not including the need for a modified heart-lung machine. Therefore, the economic advantages for virtual autopsies shown in earlier studies are partially offset (33). For targeted angiography of coronary arteries, other techniques may be more feasible (16, 17) .
Finally, the high confirmation rate of virtual autopsy in our study may to a certain extent be attributable to the considerable experience of our radiologists in postmortem imaging, whereas the medical autopsies were done within the hospital's normal routine.
On the basis of our findings, future studies should concentrate on developing techniques that are more costeffective, require less preparation, and better identify neoplastic diseases. Our study shows that, in cases of unexpected death, the addition of multiphase PMCT angiography substantially improves the value of virtual autopsy, making it a feasible alternative for routine quality control and for identifying diagnoses traditionally made by medical autopsy.
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